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Random number generation in neglect patients reveals enhanced
response stereotypy, but no neglect in number space
Abstract
Based on interactions between number and space apparent from healthy subjects' randomization
attempts we expected random number generation (RNG) to be sensitive for the monitoring of unilateral
spatial deficits. Specifically, we predicted patients with left-sided hemineglect to evidence "neglect in
number space", i.e. to produce a deficiency in the generation of small, "left-sided" numbers. In RNG of
digits from 1 to 6, 19 patients with left-sided neglect generated sequences with a higher redundancy, but
as many small numbers as did a matched control group. We discuss possible reasons for the absence of a
small-number neglect and emphasize that the observed redundancy was not due to a counting bias, as
known from other neurological patients, but to an unspecific imbalance in the use of response
alternatives. We speculate that this may be the consequence of disrupted fronto-parietal functions
normally serving in the sequential organization and manipulation of items in working memory.
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Abstract  
Based on interactions between number and space apparent from healthy subjects' 
randomization attempts we expected random number generation (RNG) to be sensitive for the 
monitoring of unilateral spatial deficits. Specifically, we predicted patients with left-sided 
hemineglect to evidence "neglect in number space", i.e. to produce a deficiency in the 
generation of small, "left-sided" numbers. In RNG of digits from 1 to 6, 19 patients with left-
sided neglect generated sequences with a higher redundancy, but as many small numbers as 
did a matched control group. We discuss possible reasons for the absence of a small-number 
neglect and emphasize that the observed redundancy was not due to a counting bias, as known 
from other neurological patients, but to an unspecific imbalance in the use of response 
alternatives. We speculate that this may be the consequence of disrupted fronto-parietal 
functions normally serving in the sequential organization and manipulation of items in 
working memory. 
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1. Introduction 
A variety of experimental approaches converge to the finding of a tight coupling between 
numerical and spatial operations (Hubbard, Piazza, Pinel, & Dehaene, 2005; Wood & Fischer, 
2008). In general, we seem to implicitly associate small numbers with the left and larger 
number with the right side of space (but see also Galfano, Rusconi, & Umilta, 2006; Ristic, 
Wright, & Kingstone, 2006). A rather impressive demonstration of this association derives 
from clinical work with patients showing neglect for the left side of space (Zorzi, Priftis, & 
Umilta, 2002). When these patients had to name the midpoint of a given number interval, they 
deviated constantly towards larger numbers, i.e. to the right side on the mental number line 
(e.g. indicating "7" as the midpoint between the numbers "2" and "8"). This is strikingly 
similar to the bisection of lines in real space, where neglect patients also deviate to the right 
side. Such findings have led to the proposal that shifting the focus of attention along the 
mental number line is mediated by the same mechanisms that are involved in shifting 
attention in the outside world (Dehaene, Piazza, Pinel, & Cohen, 2003; Hubbard et al., 2005). 
However, we note that double dissociations between neglect on the mental number line 
and in real space have been reported (Doricchi, Guariglia, Gasparini, & Tomaiuolo, 
2005). 
 
We recently began to investigate spatial-numerical interactions in random number generation 
(RNG). In this paradigm, subjects are required to produce sequences of numbers without any 
underlying order. Marked deviations from true sequential randomness are the rule, and these 
are commonly ascribed to the limited capacity of working memory and frontal executive 
functions (Baddeley, 1998). In a series of retrospective analyses we established that healthy 
subjects, when generating long sequences of random numbers, produce significantly more 
small, "left-sided" numbers than expected by chance (Loetscher & Brugger, 2007b). 
Importantly, this small-number bias, interpreted as a pseudoneglect in number space, 
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correlated with leftward biases in various spatial tasks. Well aware that these correlations not 
necessarily imply causation, we nevertheless speculated about a spatial component intrinsic to 
RNG (Loetscher & Brugger, 2007b). In a follow-up study we found further evidence for this 
assumption (Loetscher, Schwarz, Schubiger, & Brugger, 2008) when we demonstrated that 
turning one’s head to the left side of space enhanced one’s preference for small digits when 
mentally generating numbers “at random”.  Thus, a mechanism known to allocate spatial 
attention in the outside world (head turning) seemed to influence random number choices 
systematically. Against this background it appears tempting to assume that patients with 
hemispatial neglect after a right parietal lesion might evidence a large-number bias in RNG, 
thereby “neglecting” numbers from the left side of the mental number line. The present 
experiment is an empirical attempt to test this assumption. We also planned to analyze neglect 
patient’s response stereotypy; to our knowledge, there is no published experiment on RNG in 
this special patient group. 
 
2. Methods   
2.1 Subjects 
Nineteen patients with left-sided spatial neglect (16 men; mean age = 62 years, S.D. = 12 
years) participated in this study.  Inclusion criteria were the presence of a right hemisphere 
lesion and symptoms of left-sided neglect in at least two paper & pencil tests. Demographic, 
clinical details and performances in the neglect tests can be found as supplementary material. 
Twenty-nine healthy subjects (well matched for age and years of education) served as control 
participants (12 men; mean age = 58 years, S.D. = 13 years). All subjects except one patient 
were right-handed. Testing was performed in accordance with the ethical standards laid down 
in the 1964 Declaration of Helsinki. All subjects provided written informed consent prior to 
participation. 
 
 4
2.2 Randomization Task 
The Mental Dice Task (MDT) requires subjects to generate 66 consecutive rolls of a die. 
Specifically, participants were instructed “to name the digits from 1 to 6 in a sequence as 
random as possible, i.e., as they might appear when rolling a real die over and over again” 
(Loetscher & Brugger, 2007b).  Generation was paced to the beats of a metronome or 
rhythmic taps by the experimenter (1 Hz rhythm or, in exceptional cases, 0.5 Hz).  
 
2.3 Measures 
The main dependent variable for the analysis of a spatial component in the MDT was the 
number of small digits (“1”, “2” and “3”). In addition, we determined the distribution of first-
order differences (FODs), i.e. the arithmetic differences between each response and the 
immediately preceding number. These FODs vary between -5 ("6" is followed by "1") and +5 
("1" is followed by "6"), a value of 0 indicating response repetition. In spatial terms, positive 
values reflect an ascending seriation i.e. “rightward” orienting along the mental number line, 
whereas negative values indicate “leftward” shifts. The frequency of shifts between ascending 
and descending sequences is captured by the Turning Point Index (TPI). Basically, the TPI 
compares the number of observed changes between ascending and descending sequences with 
the respective number of expected changes and is thus a measure of sequential response 
stereotypy. The sequence “1, 3, 4, 2, 1”, for example, has one turning point at response “4”. In 
spatial terms, the sequence changes at “4” from a rightward to a leftward orienting on the 
mental number line. Converted to percentages, TPI scores below 100 indicate fewer turning 
points than expected by chance.   
As global measures of randomness quality we calculated the Redundancy Score (R score) and 
the random number generation index (RNG index, Evans, 1978). The R score reflects 
deviations from the equiprobability of response alternatives and ranges from 0 (all alternatives 
generated equally frequently) to 100 (one single alternative provided on all trials). Similarly 
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the RNG index assesses the degree of equiprobability of pairs of consecutive responses. It 
ranges from 0 (all 36 pairs in the case of randomization of six alternatives equally frequent) to 
1 (perfect predictability of a digit from the preceding digit).  
Calculation of these randomness variables was achieved by a published computer program, 
freely downloadable at http://www.lancs.ac.uk/staff/towse/rgcpage.html (Towse and Neil, 
1998; see also for mathematical details on the measures used here). 
 
3. Results 
In 66 rolls of a real die, 33 "small" and 33 "large" numbers are to be expected. The number of 
“small” digits generated did not differ between neglect patients (mean 33.95, SD 3.47) and 
controls (mean 34.03, SD 1.89; t(46)=.11, p>.91). While control participants' small number 
bias was statistically significant (t(28)=2.96,p<.01), the one by the patients was not 
(t(18)=1.19,p>.24). 
 
------------------------------- 
Insert Figure 1 about here 
------------------------------- 
 
The distribution of FODs is shown in Figure 1. A multivariate analysis of variance 
(MANOVA) was conducted with group (patients and controls) as fixed factor and leftward 
and rightward responses (i.e. sum of negative FODs and sum of positive FODs) as dependent 
measures. It was not significant (Pillai’s Trace = .08, F (2, 45) = 1.88, p >.16), indicating that 
the number of ascending and descending response pairings did not differ between the two 
participant groups. Turning behavior (TPI) did not differ between patients and controls either, 
i.e. there was a comparable number of changes from ascending to descending sequences and 
vice versa (patients' mean 84.1, SD 13.2, controls' mean 84.7, SD 12.1; t(46)= .15, p>.85). 
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Since count-steps of ones and twos have previously been identified as a sensitive measures of 
stereotyped behavior in patient groups (e.g. Brugger, Monsch, Salmon, & Butters, 1996; Spatt 
& Goldenberg, 1993) a multivariate analysis was run with group (patients and controls) as 
fixed factor and count-steps (ones and twos) as dependent measures. The MANOVA was 
again not significant (Pillai’s Trace = .04, F (2, 45) = .91, p >.41), indicating that neither 
counting steps in ones nor in twos differed between patients and healthy controls. 
The two groups differed significantly in both redundancy (R score; patients: mean 1.50, SD 
1.2; controls: mean .84, SD .64; t(46)= 2.46, p<.02), and the frequency distribution of 
response pairs (RNG index; patients: mean .44, SD .047; controls: mean .41, SD .046, t(46)= 
2.27; p<.03), with the patients being less random according to both these measures.  
There was no evidence for a relationship between the deviations in the line bisection task 
and the spatial parameters in RNG (p>.25 for all correlations). For a small subgroup of 
patients (n=9), data on explicit numerical bisection (same bisection task as in Loetscher, 
Bockisch, & Brugger, 2008) were available. In this small subgroup the spatial 
parameters in the RNG task (i.e. small numbers) and number line bisection (i.e. 
deviation from true midpoint) were not related (Spearman’s rho = .06; p>.8).  
   
4. Discussion 
Nineteen patients showing neglect for the left side of space and twenty-nine healthy control 
subjects were administered a RNG task to investigate potentially asymmetric selections of 
small (“left-sided”) and large (“right-sided”) numbers. Our findings were clear-cut; the 
patients generated as many small numbers as did healthy control participants. The fact that the 
small-number bias in the controls (previously interpreted as a “pseudoneglect in number 
space”; Loetscher and Brugger, 2007b) was absent in the patient group is rather a 
consequence of the smaller number of participants than indicative of a genuine tendency to 
orient towards the right on a mental number line. Note that, numerically, patients still 
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preferred smaller over larger digits. Other variables of RNG, potentially reflecting a spatial 
component, did also not convey any indication of the patients' lateral deficit in real space to 
spread to the more abstract number space. Thus, the distribution of ascending and descending 
response pairs (Figure 1) could theoretically be conceived of a distribution of rightward and 
leftward orienting tendencies. However, the 19 neglect patients generated as many backward 
(and forward) steps as did healthy controls. Still another possibility considered here was that 
patients exhibited a reluctance to switch between items relatively “left” and “right” in 
representational space (Loetscher & Brugger, 2007a). The relevant measure from the previous 
literature on RNG is the TPI, an indicator of the number of changes between ascending and 
descending sequences of consecutive numbers. Our analyses showed a symmetric “right-to-
left” (and vice versa) shifting pattern in both patients and controls, and no significant 
differences between the two groups. We conclude that, contrary to our expectation, there is 
not the slightest evidence for a spatial dimension of RNG that would reflect patients' 
hemispatial deficit in visuo-motor space. The simplest explanation for this null-finding is that 
RNG does not involve a spatial component at all. This seems rather unlikely, however, 
because substantial evidence for numerical-spatial interactions in RNG has been accumulated 
with healthy subjects (Loetscher & Brugger, 2007b; Loetscher et al., 2008). We consider three 
alternative hypotheses instead: 
 
 (1) Implicit task demands: RNG does not require direct access and exploration of the mental 
number line. Previous work showed that patients with left-sided neglect evidenced a bias 
towards larger numbers particularly in paradigms, which require a conscious manipulation of 
numerical magnitudes. For instance, Zorzi et.al, (2002) introduced a numerical bisection task 
in which the middle of a given numerical interval has to be estimated. Similarly, Vuilleumier 
et.al, (2004) asked for explicit magnitude judgments of visually presented number pairs. In 
contrast, no neglect in number space was found in the SNARC paradigm (see Dehaene, 
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Bossini, & Giraux, 1993), in which the ordinal arrangements of stimulus numbers are 
completely task-irrelevant (Priftis, Zorzi, Meneghello, Marenzi, & Umilta, 2006). As noted by 
these latter authors, one plausible explanation for a performance dissociation in these different 
tasks is in terms of different processing demands. Dissociations between explicit and implicit 
processing of left-sided visual information are well known in neglect patients (e.g., Marshall 
& Halligan, 1988). Priftis et al., (2006) demonstrated such a dissociation also in number 
space. Thus, the lack of a correlation among lateral deviations in mental number line 
and implicit RNG tasks in a subgroup of our patients fits well with the observation that 
neglect may affect explicit and implicit processing differently. Note however, that in 
healthy subjects, we found a weak correlation between these explicit and implicit 
numerical tasks (Loetscher & Brugger, 2007b, study 2).  
 
 (2) Number range: Perhaps the restriction to numbers 1 to 6 left us with too small a range to 
demonstrate spatial aspects of randomization. Neglect patients show a paradoxical leftward 
shift (“cross-over”) when bisecting short lines (Marshall & Halligan, 1989), as well as when 
bisecting small numerical intervals (i.e. a smaller-number shift, Zorzi et al., 2002). Thus, we 
cannot exclude the possibility that we missed a neglect in number space because of a “cross-
over” effect along the number line. Future RNG studies should test this hypothesis by using 
larger number intervals. However, especially with larger number ranges one would have to 
consider that the representation of numbers may be compressed towards larger numbers 
(Dehaene & Mehler, 1992; Longo & Lourenco, 2007). A bisection of the interval at the 
arithmetic mean would thus not be spatially balanced.  
 
(3) Linguistic factors: We have to keep in mind that number words do not occur with equal 
frequency in everyday language. For example, the word “two” is read and heard in English 
about ten times more often than the word “nine” (Dehaene & Mehler, 1992). Thus, two 
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opposing tendencies may have produced an equiprobability of small and large numbers in 
neglect patients' randomization attempts: a non-spatial bias towards more frequently 
occurring, smaller numbers and a spatial orienting bias to the right side of number space. Note 
that, in contrast to neglect patients, in healthy subjects these linguistic and spatial (leftward) 
biases are additive, leading to a pronounced small-number preference. 
 
 While the present RNG experiment produced no evidence for a neglect in number 
space, we found that patients displayed a more stereotyped, rule-governed randomization 
behavior than controls. Unlike the findings in other neurological patient groups, however, the 
observed stereotypies did not manifest themselves in more excessive counting in steps of one, 
but in an enhanced redundancy due to an unspecific imbalance in the use of single numbers 
(R score) and number pairs (RNG index). Pronounced counting is characteristic to patients 
with primarily frontal lobe dysfunction (Brugger et al., 1996; Spatt & Goldenberg, 1993) and 
can be induced in healthy subjects by disruption of specifically left dorsolateral prefrontal 
cortex (Jahanshahi et al., 1998; Knoch, Brugger, & Regard, 2005). It is commonly interpreted 
as reflecting a failure to inhibit the most habitual way to sequentially arrange digits. Our 
findings may be relevant to the functional role of the right hemisphere for RNG. The 
only previous specific proposal of an involvement of the right hemisphere concerned the 
avoidance of repetitive responses (Brugger, Monsch, & Johnson, 1996), but in the 
present study no differences emerged between patients and controls in the number of 
digit repetitions. Bilateral involvement was suggested by several neuroimaging studies. 
Thus, functional magnetic resonance imaging (Daniels, Witt, Wolff, Jansen, & Deuschl, 
2003) and positron emission tomography (Jahanshahi, Dirnberger, Fuller, & Frith, 2000) 
studies have identified a widespread cortical network involving both hemispheres in RNG. 
Specifically, contrasted to simple counting, activations during RNG in a 1 Hz-rhythm have 
been reported bilaterally in the dorsolateral prefrontal and premotor cortices, the anterior 
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cingulate region and the cerebellum. Inferior and superior parietal cortex was involved as 
well. This activation pattern is comparable to that described for a wide range of working 
memory tasks (Wager & Smith, 2003). Over and above their role as a buffer for verbal and 
spatial information, the posterior parietal lobes are about to be recognized as structures 
essential to the manipulation and organization of items in working memory (Champod & 
Petrides, 2007; Marshuetz, 2005; Wendelken, Bunge, & Carter, 2008). It is thus tempting to 
assume that our neglect patients’ difficulties to spontaneously arrange numbers "randomly” 
was primarily based on disrupted fronto-parietal processes normally needed to handle 
sequential-organizational demands in working memory. Evidently, these hypothetical 
processes are not primarily concerned with the spatial characteristics of numerical 
information. 
 
To summarize, in a RNG task, neglect patients displayed a market sequential non-
randomness, but no neglect in number space. It will be interesting to learn about specific 
parietal lobe contributions to response randomization and to thus overcome the traditional 
research stereotype that had its focus perhaps too narrowly directed to the frontal lobes.   
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Figure Legend: 
Figure 1 
Distribution of first-order differences (FODs) ± standard deviations.  
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